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524a Wednesday, March 9, 2011and numerical calculation of the dissipation and relaxation time, we verify
that thermodynamic length analysis (though derived in a near-equilibrium
limit) provides a strikingly good approximation even far from equilibrium,
and thus provides a useful framework for further study of biomolecular motor
efficiency.
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The energetics of an unfolding event can be obtained using steered molecular dy-
namics (SMD) and Jarzynski’s inequality with the cost of the calculation increas-
ing dramatically with the length of the path. An adaptive algorithm has been
introduced* that allows for the path to be nonlinear and staged while reducing
the computational cost. The potential of mean force (PMF) obtained for neuropep-
tide Y (NPY) inwater along an unfolding path confirmed that themonomeric form
of NPY adopts the pancreatic-polypeptide (PP) fold. Adaptive SMD can also be
used to reconstruct the PMFobtained earlier for stretching decaalanine in vacuum#
at lower computational cost. The PMF for stretching decaalanine in water solvent
(using the TIP3P water potential) at 300K has now been obtained using adaptive
SMD.Not surprisingly, the stabilization from thewater solvent reduces the overall
work required to unfold it. However, the PMF remains structured suggesting that
some regions of the energy landscape act partially as doorways.
*G. Ozer, E. Valeev, S. Quirk and R. Hernandez, J. Chem. Theory Comput.
(2010),
doi:10.1021/
ct100320g.
#S. Park and K.
Schulten, J.
Chem.
Phys.120, 5946
(2004).2852-MiniSymp
Non-Equilibrium Work Dissipation in Mechanical Unfolding of Large
RNAS
Pan T.X. Li.
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Non-equilibrium thermodynamics is indispensible in studying mechanical un-
folding of single RNA molecules. In a typical experiment, single RNA mole-
cules are pulled and relaxed at fast loading/unloading rate that structure
transitions occur under non-equilibrium. Work dissipation is reflected by hys-
teresis between forward and reverse trajectories in force-extension curve. Li-
gand and protein binding can stabilize a specific domain within a large RNA,
which further complicates work dissipation in mechanical unfolding. Using ex-
periment and simulation, we examined mechanical unfolding of large RNAs
containing secondary and tertiary folding. The RNAs follow hierarchical fold-
ing pathways. Secondary structure forms before tertiary contacts, and tertiary
interaction is disrupted before unfolding of secondary structure. Factors that se-
lectively bind and stabilize tertiary structure lead to increased work dissipation
by protecting secondary structure from unfolding. Furthermore, work dissipa-
tion is quantified as a function of pulling rate and factor binding.
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Retroviruses require two copies of their ssRNA genomes in order to form infec-
tious virus particles. This is accomplished via a Dimerization Initiation Site
(DIS), which forms a rivet-like ‘‘kissing-loop’’ that binds the two genomes to-
gether. Retroviral DIS kissing-loops have been shown to be unusually resistant
to heat denaturation or mechanical pulling, given the small number (2-6) of
Watson-Crick base-pairs involved. High mechanical stability is apparently re-
quired for retroviral fitness, as mutations that destabilize the DIS loop in-vitro
also result in greatly reduced virus infectivity rates in-vivo. DIS kissing-loops
are therefore attractive targets for antiretroviral therapeutic design; however,
we must first understand the physical determinants that give rise to enhanced
DIS kissing-loop stability.
The Moloney Murine Leukemia Virus (MMLV) serves as a particularly tracta-
ble model system due to its simplicity, as it composed of two GACG tetraloops
held together by just two intermolecular base-pairs. Single-molecule pulling
experiments (by Pan Li at SUNY Albany) have shown that it requires as
much force to break these two loop-loop base pairs as is required to unfoldan entire 11-bp hairpin. Using a combination of equilibrium and non-
equilibrium all-atommolecular dynamics simulations, we have developed a de-
tailed model for the kinetic intermediates of the force-induced dissociation of
the MMLV DIS kissing-loop. We find that the transition state geometry allows
for an equal distribution of the applied force among all of the intermolecular
hydrogen-bonds, which is intrinsically more stable that the sequential h-bond
breaking exhibited by simple RNA hairpins. In addition, we observe that stack-
ing interactions with adjacent, unpaired loop adenines are able to further stabi-
lize the complex, and that the breaking of these stacking interactions are the
rate-limiting step for force-induced dissociation of the MMLV DIS complex.
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Single-molecule force spectroscopy has opened up new approaches to the study
of protein dynamics. For example, an extended protein folding after an abrupt
quench in the pulling force was shown to follow variable collapse trajectories
marked by well-defined stages that departed from the expected two-state fold-
ing behavior that is commonly observed in bulk. Here, we explain these obser-
vations by developing a simple approach that models the free energy of
a mechanically extended protein as a combination of an entropic elasticity
term and a short-range potential representing enthalpic hydrophobic interac-
tions. The resulting free energy of the molecule shows a force-dependent en-
ergy barrier of magnitude, DE = e(F - Fc)3/2, separating the collapsed state
of the molecule from a force-driven extended conformation, that vanishes at
a critical force Fc. By solving the Langevin equation under force quench con-
ditions, we generate folding trajectories corresponding to the diffusional col-
lapse of an extended polypeptide that mimics those observed experimentally.
Further we apply this model to force extension conditions in order to investi-
gate the role played by the force-induced energy barrier on the two-state hop-
ping phenomena that has been observed in single protein molecules placed
under a stretching force. Langevin dynamics across such force induced barrier
readily demonstrates the hopping behavior observed for a variety of single mol-
ecules placed under force. Our model interprets AFM force-clamp data and ac-
counts as well for force-extension and hopping observed in optical tweezers,
thus unifying the field of protein force spectroscopy. Moreover, given that
this barrier does not exist at zero force, extrapolating hopping trajectories to
zero force could not be compared to bulk measurements.
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We present a general, maximum entropy-based method for modeling stochastic
feedback dynamics of small chemical and biochemical systems. Our method,
Maximum Caliber, uses experimental data in the form of dynamical averages
and correlations to construct ensembles of system trajectories. These theoreti-
cal ensembles are used to infer long-time dynamics from short-time trajecto-
ries. In particular, the method does not have to invoke complex reaction
schemes to predict dynamical features such as multistability. On the other
hand, traditional stochastic modeling methods often require knowledge of rates
and reaction networks. Such parameters are rarely validated independently of
the experimental curve-fitting. Maximum Caliber requires both fewer assump-
tions regarding the reaction network and fewer parameters to capture the effects
of feedback. We demonstrate the principle on the genetic toggle switch and the
circadian clock.
Platform BC: Interfacial Protein-Lipid
Interactions
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We have investigated the origin of the effect of the peptide KL4 on lung
surfactant lipid monolayers containing DPPC and POPG. Using surface bal-
ance techniques, fluorescence microscopy and atomic force microscopy we
Wednesday, March 9, 2011 525ahave observed that KL4 containing monolayers demonstrate an increased
tolerance to repeated compression and expansion due to a softening in fold-
ing collapse behavior caused by direct interactions with POPG. This change
in folding dynamics leads to increased monolayer reversibility due to al-
most complete reincorporation of folds upon expansion. We will discuss
the potential role of KL4 in lowering the resistance to in-plane shear in
POPG containing monolayers in the context of the overall importance of
collapse mode in establishing robust and reversible synthetic model lung
surfactant.
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Lipid-modifying enzymes play a vital role in the regulation of lipids as medi-
ators of cell function. At the same time, the activity of these enzymes is highly
affected by the lipid membrane structure. These processes at lipid membranes
can be observed in situ through the application of different biophysical tech-
niques. Thus, we are investigating a spider venom enzyme termed sphingomye-
linase D (SMD). SMD hydrolyses sphingomyelin (SM) into ceramide-1-
phosphate (Cer-1-P). While SM is an integral constituent of many cell mem-
branes, Cer-1-P occurs in very low concentrations and is suggested to be a novel
lipid second messenger. At present, the physiologically relevant mechanism
following Cer-1-P formation by SMD is incompletely understood, but possibly
related to the modulation of membrane properties.
Our results show a strong dependency of SMD activity on the phase state of the
substrate. SMD is two orders of magnitude more active towards fluid- than gel-
phase liposomes. The presence of cholesterol evens out this difference in activ-
ity at an intermediate level. The effect of SMD on fluid-phase giant unilamellar
vesicles (GUVs) is observed by confocal fluorescence microscopy. GUVs com-
posed of lauroyl-SM show a macroscopic domain formation and/or shrinking
and buckling accompanied by the multiple formation of membrane tubes.
GUVs composed of egg-SM display a beveling of the membrane and the for-
mation of caps (outside curvature) approx. three days after the addition of
SMD.Which membrane morphology evolves is likely a question of enzyme ki-
netics vs. the dynamics of lipid reorganization.
GUVs of raft-like mixtures exhibit a single homogenous phase after the addi-
tion of SMD. The consequences of SMD activity and Cer-1-P formation on cel-
lular systems are currently being examined. This will indorse the correlation
between enzymatic activity and membrane structure influencing the regulation
of physiological processes.
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The membrane-targeting domains of peripheral proteins play an important role
in mediating cell signaling events originating at the plasma membrane. The
pleckstrin homology (PH) domain is the most common membrane targeting do-
main, and many PH domains specifically recognize membrane-bound PIP
lipids. Recently, the representative PH domain of the General Receptor for
Phosphoinositides (GRP1 PH) has been found to use an electrostatic search
mechanism requiring anionic background lipids of the plasma membrane to
more rapidly and tightly bind the rare phosphatidylinositol-3,4,5-phosphate
(PIP3) lipid second messenger. The contributions of the seven basic residues
on the GRP1 PH membrane-proximal face to the protein-lipid interactions
that occur during electrostatic searching were investigated. Point and double
mutants of the isolated Grp1 PH domain were purified with alanine replacing
each of the seven basic residues. For each mutant domain, the relative affinities
for phosphatidylinositol-(3,4,5)-trisphosphate (PIP3) were determined in the
presence and absence of anionic background lipids. While the wild-type PH do-
main displays a ~10-fold enhanced affinity for PIP3 in the presence of anionic
background lipids, this enhancement is significantly decreased in the point and
double mutant PH domains possessing the R322A and K279A mutations. Thus
far, the results suggest that while most basic residues interact with the mem-
brane at a detectable level, the protein-lipid interactions between basic residues
R322 and K279 and the membrane are most crucial to electrostatic searching.
Additional experiments are in progress to determine the specificity of these
protein-lipid interactions, and the effect of mutations on membrane binding ki-
netics.2859-Plat
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PTEN is a phosphatidylinositolphosphate (PIP) phosphatase frequently mu-
tated in human cancer [1]. By lowering PI(3,4,5)P3 levels in the plasma mem-
brane, it functions as an antagonist to PI3-kinase in the regulatory circuit that
controls cell proliferation and survival. wt PTEN has only weak affinity to zwit-
terionic phosphatidylcholine (PC) membranes but a strong interaction with an-
ionic lipids. Its C2 domain was shown to bind in a Ca2þ independent manner to
phosphatidylserine (PS) and phosphatidylglycerol (PG), whereas a short N-ter-
minal domain binds specifically to PI(4,5)P2 [2,3]. H93R PTEN is an autism
related mutant which has decreased phosphatase activity [4].
Using Surface Plasmon Resonance (SPR), we characterized the affinity of wt and
H93RPTEN to tethered bilayer lipidmembranes (tBLMs) that contain PC and PS,
PC and PI(4,5)P2, and PC, PS and PI(4,5)P2. As comparedwithwt PTEN, we find
that the H93R mutation is sufficient to cause significant changes in the protein’s
association with lipid membranes. H93R PTEN has a stronger affinity to mem-
branes containing PS thanwt PTEN.PI(4,5)P2 enhances the apparent binding con-
stant for both proteins and leads to intriguing binding kinetics of the protein to the
membrane. The binding of either protein tomembranes containing both PS and PI
(4,5)P2 shows a biphasic behavior, suggesting two independent binding sites. This
supports the hypothesis of non-competitivebindingof the protein toPSandPI(4,5)
P2 [5].We estimate and compare the amount and the thickness of the adsorbedpro-
tein layers which is further investigated in neutron reflectivity experiments.
1) Shaw et al., Nature (2006) 441, 424-430
2) Lee et al., Cell (1999) 99, 323-334
3) Das et al., PNAS (2003) 100, 7491-7496
4) Redfern et al., Protein Science (2010) 19, 1948-1956
5) Redfern et al., Biochemistry (2008) 47(7), 2162-2171
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GWALP23 (acetyl-GGALW5LALALALALALALW19LAGA-ethanolamide)
is a proven model membrane-spanning peptide (see JACS 130, 12584) that
moves ‘‘beyond’’ WALP family peptides by employing, for the purpose of in-
terfacial anchoring, only one tryptophan residue on either end of a central
alpha-helical core sequence. Because of its systematic behavior in lipid bilayer
membranes of differing thickness (see JBC 285, 31723), we utilize GWALP23
as a framework for introducing guest residues within the transmembrane se-
quence. For example, we have incorporated a central proline residue to give
acetyl-GGALW5LALALAP12ALALALW19LAGA-ethanolamide. We have
synthesized the resulting GWALP23-P12 with selected 2H and 15N labels for
solid-state NMR spectroscopy, to enable analysis of the peptide orientation
and segmental tilt in oriented lipid bilayer membranes using combined (2H)-
GALA and (15N/1H)-PISEMAmethods. In DMPC bilayer membranes, the pep-
tide segments N-terminal and C-terminal to proline are tilted substantially with
respect to the bilayer normal, by about 34-40 and 27-29 (5 6), respec-
tively, with a proline-induced kink angle of 20-23. The proline places restric-
tions on the dynamics of both segments. As has been described previously for
GWALP23, the C-terminal helix ends before Ala-21.
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We studied rhodopsin oligomerization as a function of rhodopsin concentration
and lipid composition and related oligomerization to shifts in rhodopsin func-
tion. In the rod outer segment disks of the retina, rhodopsin is densely packed in
phospholipid bilayers with a high content of polyunsaturated acyl chains. In
model membranes, increasing rhodopsin packing density was linked to a shift
in the metarhodopsin-I (MI)/metarhodopsin-II (MII) equilibrium towards MI as
well as to lower rates of MII formation. We reconstituted rhodopsin into vari-
ous phosphatidylcholine bilayers at rhodopsin/lipid ratios ranging from 1:1,000
to 1:70 and followed rhodopsin oligomerization by cross linking of rhodopsin
